SUMMARY
alcuronium resembles suxamethonium in this respect. The relative effects of atracurium on the ECAP and the mechanical response of the adductor pollicis have not been previously reported.
The present study was undertaken to compare the evoked mechanical and electromyographic responses of the adductor pollicis during the onset of neuromuscular blockade by alcuronium or atracurium, and during the antagonism of residual blockade by neostigmine.
PATIENTS AND METHODS
Thirty adult patients (ASA physical status I or II) gave consent to the investigations, which had been approved by the hospital Ethics Committee. The patients, who were free from any neuromuscular disorder, were to undergo ophthalmic or minor orthopaedic surgery. Sixteen patients received alcuronium and 14 received atracurium. The patients were premedicated with pethidine 25-50 mg and promethazine 25 mg 1 h before surgery. Anaesthesia was induced with thiopentone until the eyelash reflex was abolished, and maintained with 67% nitrous oxide in oxygen supplemented with fentanyl 0.1-0.2 mg. No halogenated inhalation agent was given. In some patients, additional small increments of thiopentone (up to a total of 10 mg kg" 1 ) were given to prevent movement while the control responses were recorded. Alcuronium 0.2-0.3 mg kg" 1 or atracurium 0.4 mg kg" 1 was administered i.v. and tracheal intubation was performed after spraying the larynx with 10% lignocaine. Controlled ventilation was adjusted to maintain normocapnia (Gould Mk IV Capnometer).
The ulnar nerve was stimulated supramaximally at the left wrist using silver-silver chloride surface electrodes. Trains-of-four square wave pulses of 0.2 ms duration at a frequency of 2 Hz were repeated at 20-s intervals using a modified portable electromyography system (Medelec MS91). The mechanical and electromyographic responses of the adductor pollicis were recorded simultaneously. The amplitude of the contraction responses and the amplitude of the electromyographic responses were compared during the onset of neuromuscular blockade and the subsequent antagonism of residual blockade. The indices used were the train of four ratio (T4:T1) and the ratio of the first response to the mean of three control (pre-relaxant) values (Tl :T0). When the Tl :T0 ratio had recovered spontaneously to 0.2, atropine 14 \ig kg" 1 and neostigmine 35.7 jig kg" 1 were given i.v. over 10 s. Subsequently, the ECAP and the mechanical responses were monitored for at least 10 min.
Mechanical response
The force of contraction of the adductor pollicis was measured using a transducer incorporating two pairs of strain gauges (Bradshaw and Maddison, 1979) and was displayed on a chart recorder (Ormed MX212) with a paper speed of 1 mm s" 1 .
Electromyographic response
Silver-silver chloride surface recording electrodes were positioned over the motor point of the adductor pollicis and ventxally over the head of the second metacarpal. An earth electrode was placed on the dorsal aspect of the hand. The ECAP was filtered, amplified and recorded using the Medelec system. In addition to the oscilloscope display, a permanent record was obtained by conversion of the signal to digital form. A reconstituted analogue waveform was recorded at slow speed on heat-sensitive paper and the amplitude of the total deflection was measured.
Results was evaluated using a paired or unpaired Student's t test as appropriate.
RESULTS
Typical recordings of the force of contractions and the corresponding ECAP of the adductor pollicis are shown in figure 1.
Onset of blockade
The mean ratios of the first response of the train to the control (Tl :T0) as blockade progressed are shown in table I. In the patients who received alcuronium, the mechanical response was depressed to a significantly greater extent than the ECAP at each time interval. This difference was not seen in those patients who received atracurium. Scattergrams of the Tl :T0 ratios for force and ECAP measurements for all patients at 1, 2 and 3 min are shown in figures 2 and 3. There was an approximately linear relation in the atracurium group. In the alcuronium group, however, the data suggest that the magnitude of the disparity between the two methods of measurement depends on the degree of blockade, and regression analysis may be inappropriate. The corresponding train-of-four ratios are shown in table II. The degree of fade in the alcuronium group was significantly greater (paired t test) when measured mechanically. In the atracurium group the difference between the two methods of measurement was not significant.
Rate of onset
First response ratio (Tl :T0). There was no significant difference in the degree of blockade measured mechanically or electromyographically, at each time interval up to 4 min after the administration of either alcuronium or atracurium.
Train-of-four ratio (J4 :T1).
The degree of fade of the mechanical response was greater in the alcuronium group than in the atracurium group (P < 0.01, unpaired t test) at 1 and 2 min after administration of the myoneural blocking drug. There was no significant difference in ECAP fade between the two groups.
Antagonism of blockade First response ratio (Tl :T0).
There was no significant difference (paired t test) between mechanical and ECAP estimations of blockade at any time up to 10 min after administration of neostigmine to either group of patients (table III) .
Train of Four Ratio (T4: Tl).
The corresponding train-of-four ratios are shown in table IV. In the alcuronium group there was no significant difference between the methods of measurement. In the atracurium group there was a trend towards a greater degree of fade of the mechanical response than of the ECAP. This reached significance only at 8 min (paired t test), at which time antagonism was almost complete.
Rate of antagonism
First response ratio (Tl: TO). The degree of antagonism of blockade was greater at each time interval in the atracurium group compared with the alcuronium group when measured electromyographically (P < 0.05, unpaired t test). The difference between the two groups was greatest between 4 and 7 min (P < 0.01). There was no significant difference between the rates of first response antagonism of atracurium and alcuronium when measured mechanically (unpaired t test) (table III) . 
Train-of-four ratio {T4:T1).
Compared with the alcuronium group, the T4:T1 ratio in the atracurium group was significantly greater at each time interval after the administration of neostigmine (P < 0.01, unpaired t test). The rate of T4: Tl recovery of atracurium was greater whether measured mechanically or electromyographically.
DISCUSSION
Neuromuscular blockade during anaesthesia is usually monitored by recording the force of contraction of the muscles of the hand in response to stimulation of the ulnar nerve at the elbow or wrist. This technique requires isometric conditions and the application of a constant preload to the muscle in order to ensure constant initial muscle fibre length. The term force-displacement transducer is therefore inappropriate. It may be difficult, because the muscles of the hand are complex, to measure the force of contraction of a single muscle in isolation in the direction of its application. Transducers which are arranged in a pistol grip configuration may measure a vector of the force of contraction of the flexor pollicis brevis in addition to the adductor pollicis. An additional source of error may result from inadequate fixation of the transducer in relation to the second metacarpal, from which the two heads of the adductor pollicis originate. Variations in preload and base line drift may result.
Despite these limitations, most of our knowledge of the relation between evoked neuromuscular responses and the clinical criteria for recovery from neuromuscular blockade is based on the measurement of force of contraction of the adductor pollicis (Walts, Levin and Dillon, 1970; Ali and Kitz, 1973; Ali et al., 1975; Brand et al., 1977) .
Measurement of the evoked compound action potential (ECAP) using surface electrodes has several advantages over mechanical techniques. First, the response does not depend on mechanical fixation of the muscle because maintenance of preload is unnecessary. Second, many more muscle groups are accessible for study. These include the muscles of the hypothenar eminence, the small muscles of the hand and the muscles supplied by the facial nerve and the common peroneal nerve. Third, the electromyographic response reflects only those factors which influence neuromuscular transmission. Therefore, the ECAP is largely independent of factors which influence contractility, including the major effects of hydrocarbon inhalation agents and changes in arterial carbon dioxide tension (Katz, 1965) . These factors must be standardized in an investigation of the relation between mechanical and electromyographic evoked responses.
There are several methods used for the analysis of the ECAP. These include measurement of the amplitude of the major deflection from the isoelectric line ( fig. 4A ), the sum of the amplitudes of the major positive and negative deflections ( fig.  4B ) and the area contained within the rectified waveform ( fig. 4c ). The effect of neuromuscular blocking drugs on these indices is usually assumed to be equivalent. Pugh, Kay and Healy (1984) have demonstrated a near linear correlation between the depression of the major potential and that of the integrated signal during onset of non-depolarizing neuromuscular blockade. It is reasonable to assume, therefore, that our findings may also describe the relation between the mechanical response and that measured by a monitor utilizing the integrated electromyogram.
The relation between the depression of the evoked mechanical and electrical responses of the adductor pollicis induced by tubocurarine has been examined by several workers (Katz, 1965 (Katz, , 1973 Epstein and Epstein, 1973) . There is general agreement that the mechanical response to a single stimulus is depressed to a greater extent than the evoked electromyogram. This phenomenon may vary quantitatively between neuromuscular blocking agents, and the opposite relation has been demonstrated during blockade by suxamethonium (Shanks and Jarvis, 1980; Donati and Bevan, 1984) and alcuronium (Shanks etal., 1981) .
In the present study we were unable to demonstrate a significant difference between the mechanical and ECAP responses to atracurium, with the exception of the train-of-four ratio at a time when recovery was almost complete (table  IV) . In contrast with the work of Shanks and colleagues (1981) , we found that alcuronium depressed the mechanical response to a significantly greater degree than the ECAP during the onset of blockade. This difference was observed in both first response (table I) and train-of-four (table II) ratios. Therefore, we suggest that alcuronium may be grouped with tubocurarine, and that atracurium may be placed in an intermediate position between other non-depolarizing blockers and suxamethonium, in terms of their relative effects on the mechanical response and the ECAP.
The disparity between our results and those of Shanks and colleagues (1981) with respect to alcuronium may be partially explained by differences in methodology. In their study, electrodes were placed over the first dorsal interspace of the hand and, therefore, predominantly reflected the electrical activity of the first dorsal interosseus muscle. They compared the ECAP with the force produced by adduction of the thumb in response to ulnar nerve stimulation and were able to demonstrate that the mechanical response ED M was significantly greater than that obtained electromyographically.
It is probable that there is variation in the sensitivity of the different muscles of the hand to neuromuscular blocking drugs. Katz (1973) has demonstrated that the ECAP response of the adductor pollicis is depressed by tubocurarine to a greater extent than that of the hypothenar muscles. Clinical observation suggests that this relationship is also applicable to the force of contraction of the two muscle groups. A disparity in the opposite direction between the relative sensitivity of the adductor pollicis and the first dorsal interosseus muscle may reconcile the findings of Shanks and colleagues (1981) with those of the present study. In addition, an unusually long pulse duration of 0.1-0.15 s was used. This may have produced repetitive firing of motor units, leading to enhancement of the force of contraction of the adductor pollicis, without increasing the amplitude of the ECAP (Epstein et al., 1969) . The rate of onset of atracurium was not significantly different from that of alcuronium when the ECAP was considered. The rate of onset of mechanical first twitch depression (Tl: TO) was similar in both groups. However, the onset of mechanical fade (T4:T1) was more rapid in the first 2 min after atracurium. Studies in which the rate of onset of clinically apparent non-depolarizing blockade has been measured were restricted to the first response ratio (Tl:T0) (Foldes et al., 1983; Gergis et al., 1983; Ali et al., 1984; Bencini and Newton, 1984) . It is, therefore, impossible to predict whether the accelerated onset of T4:T1 fade after atracurium will be reflected in the more rapid development of apnoea and satisfactory intubating conditions. It has been postulated that the relative rate of onset of T4:T1 fade and Tl: TO depression may depend on the accessibility of prejunctional and postjunctional receptors, respectively (Calvey et al., 1983) . The intrajunctional nature of this phenomenon suggests that the relation between single response depression and fade will be reflected equally in the compound action potential and the force of muscle contraction. However, our findings demonstrate that the onset of mechanical fade after atracurium is more rapid than that of the ECAP, whilst there is no significant difference between the rates of onset of first twitch depression. This suggests that the ratio of fade to single response depression (T4: Tl divided by Tl :T0) is dependent upon the method of measurement in addition to the relative preponderance of prejunctional and postjunctional receptor occupancy. Therefore, caution should be exercised when comparing electromyographic and force measurements and their possible relation to the sites of action of neuromuscular blocking drugs.
The difference between the mechanical and electromyographic responses to alcuronium observed during onset was not seen during antagonism of residual blockade by neostigmine. Although neostigmine has a nicotinic agonist effect at the neuromuscular junction (Hobbiger, 1950) , it is probable that this will be reflected in an increase in both the ECAP and mechanical response. It is unlikely that neostigmine in clinically applicable doses will affect contractility sufficiently to enhance the mechanical response to a value similar to that of the electromyographic response.
In conclusion, we have demonstrated that, during the onset of blockade by alcuronium, the mechanical response of the adductor pollicis was depressed to a greater extent than the electromyographic response. The disparity between methods of measurement is not seen during the onset of atracurium-induced blockade or during antagonism of either drug by neostigmine. These findings suggest that studies of the antagonism of neuromuscular blockade by atracurium or alcuronium may produce comparable results, but caution is necessary in comparing electromyographic and mechanical measurements during the onset of blockade by alcuronium.
